[1] Identifying the spatial distribution of seabed fluid expulsion features is crucial for understanding the substrate plumbing system of any continental margin. A 1100 km stretch of the U.S. Atlantic margin contains more than 5000 pockmarks at water depths of 120 m (shelf edge) to 700 m (upper slope), mostly updip of the contemporary gas hydrate stability zone (GHSZ). Advanced attribute analyses of highresolution multichannel seismic reflection data reveal gascharged sediment and probable fluid chimneys beneath pockmark fields. A series of enhanced reflectors, inferred to represent hydrate-bearing sediments, occur within the GHSZ. Differential sediment loading at the shelf edge and warminginduced gas hydrate dissociation along the upper slope are the proposed mechanisms that led to transient changes in substrate pore fluid overpressure, vertical fluid/gas migration, and pockmark formation. Citation: Brothers, D.
Introduction
[2] As geomorphic features, pockmarks generally indicate past and/or ongoing fluid expulsion across the sedimentwater interface [Berndt, 2005; Judd and Hovland, 2007] . Determining the geological significance of pockmarks along passive continental margins requires constraints on fluid sources and substrate migration pathways. Several processes drive seabed fluid expulsion, including sediment loading/ compaction, gas hydrate dynamics, hydrocarbon leakage, submarine freshwater discharge, and diagenesis (see original references in Berndt [2005] and Judd and Hovland [2007] ).
[3] Although published evidence for seabed fluid expulsion along the continental shelf edge and slope of the U.S. Atlantic margin (USAM) is relatively sparse [Hill et al., 2004; McHugh et al., 1993; Newman et al., 2008] , recent Okeanos Explorer missions discovered active gas seeps along both regions [e.g., Skarke et al., 2013] . Previous studies aimed at understanding the sources of substrate overpressure and fluid migration on this margin were based largely on modeling results, yielding two primary hypotheses for potential sources of fluid expulsion: pore fluid overpressure from differential sediment compaction [Dugan and Flemings, 2002] and gas hydrate dissociation due to recent warming of ocean bottom water [Hill et al., 2004; Phrampus and Hornbach, 2012] . Here we present new constraints on the spatial distribution of fluid expulsion features along the upper slope/outer shelf of the USAM and evaluate the potential fluid sources using nested highresolution multibeam bathymetric data and meta-attribute analyses applied to multichannel seismic reflection profiles.
Geologic Setting
[4] The Quaternary geologic history of the USAM was shaped by glacial/interglacial cycles and extreme variations in sea level. During eustatic sea level low stands, large river and glacial drainage systems from Virginia to Maine transported siliciclastic sediments to the shelf edge [Poag and Sevon, 1989] . The Mid-Atlantic and New England sections of the margin are characterized by relatively narrow (<5 km), seaward thickening wedges of shelf edge delta deposits (200-400 m thick) that are heavily dissected by submarine canyons [e.g., Brothers et al., 2013] . In contrast, the shelf edge and upper slope of the Hudson Apron and southern New England sections are smooth (i.e., widely spaced canyons), broad, and gently inclined. During the Pleistocene, up to 18 km of shelf edge progradation [Mountain et al., 2007] produced thick sequences that can be continuously traced from the shelf edge to the uppermost rise in some places . These sequences provide a rare opportunity to examine variations in stratigraphic character across regionally conformable depositional surfaces.
[5] The depositional history of the Hudson Apron continental slope was explored at Ocean Drilling Program (ODP) Site 1073 [Austin et al., 1998 ], which was drilled to 663 m below seafloor (mbsf) at a water depth of 639 m. Correlation among seismic reflectors, lithology, and isotopic records constrains major Pleistocene sequence stratigraphic boundaries [Austin et al., 1998 ]. Each sequence is dominated by a succession of clay-and silt-rich sedimentary facies that were correlated to oxygen isotope records [McHugh and Olson, 2002] , with coarser-grained facies marking glacial-interglacial transitions. The underlying Pliocene and Miocene sections have higher sand content and porosity [Austin et al., 1998 ]. The near-seafloor section contains very thin (<1 m) or nonexistent Holocene sediment that overlies late Pleistocene material deposited during and after the Last Glacial Maximum (LGM) [McHugh et al., 2010] .
Data and Methods
[6] NOAA ships Okeanos Explorer and Nancy Foster acquired most of the shelf and upper slope bathymetric data used in this study; other cruises provided multibeam bathymetric coverage of the slope and upper rise from North Carolina to Canada . With a few exceptions, the high-resolution bathymetric data extend slightly landward of the shelf edge rollover at 110-250 m below sea level (mbsl). Raw data were edited, processed, and gridded at 25 m, 50 m, and 100 m for regions shallower than 1000 mbsl, between 1000 and 2000 mbsl, and greater than 2000 mbsl, respectively. Selected regions along the shelf edge were gridded on 10 m cells. The margin was split into the Mid-Atlantic, Hudson Apron/southern New England, and New England sections based on the first-order morphology of the continental shelf, slope, and rise ( Figure 1 ) . Within each section, pockmarks were mapped at a 1:75,000 scale, and their locations, water depths, and approximate dimensions (relief and diameter) were extracted using ESRI ArcGIS (Figures 1 and 2) .
[7] Two high-resolution multichannel seismic (MCS) reflection profiles across the outer shelf and upper continental slope were used as representative transects: OC270 Profile-61 crosses ODP Site 1073 on the Hudson Apron, while Tiki2011 Profile-04 spans the continental slope and upper rise~45 km east of Hudson Canyon (Figure 1 and supporting information Figure S1 ). The latter profile was acquired as part of a 2010 and 2011 M/V Tiki XIV program that obtained 1600 km of 72-channel (6.25 m group spacing) data along the shelf edge and slope of the Hudson Apron and southern New England sections of the USAM. A 6 kJ sparker source provided peak frequencies between 90 and 300 Hz, yielding 5 m vertical resolution and~1 km of penetration. Migrated, common depth point stacks were band pass filtered (50-200 Hz) and integrated with reprocessed 48-channel (12.5 m group spacing), 90 in 3 GI-gun source, MCS profiles that had earlier been collected aboard the R/V Oceanus in 1996 (e.g., OC270 Profile-61), and the R/V Endeavor in 2002 (supporting information Figure S1 ).
[8] Post processing, MCS profiles were conditioned for advanced attribute analyses using OpendTect software. First, dip steering was used to record the local dip and azimuth of seismic horizons at every sample position, followed by dip-steered median filtering to sharpen discontinuities along seismic horizons and to enhance laterally continuous reflectors. Second, average energy and instantaneous frequency attributes, as well as gas-chimney meta-attributes, were calculated. The energy and frequency calculations measure reflectivity and peak frequency in a specified time gate (e.g., 10 ms) and are used to identify lateral variations in reflector character. The chimney meta-attribute combines several seismic parameters into a single probability attribute that can be used to quantify reflector discontinuities caused by gas chimneys and fluid Figure 3 . (bottom) Pockmark distribution with water depth in the three sectors along the margin. Dashed lines represent approximate landward extend of continuous multibeam bathymetry coverage; gray shading shows permissible water depths for the upslope extent of gas hydrate stability assuming bottom water temperature between 3°C (~400 m water depth) and contemporary values (~550 m water depth). Pockmark-free zones are generally associated with either large, shelf-indenting submarine canyons or data gaps. migration pathways [Ligtenberg, 2005] . User picks of obvious chimneys and nonchimneys were used to supervise neural network training and the meta-attribute calculation for chimney probability. Seismic horizons below the multiple artifacts were excluded from the interpretation.
[9] The contemporary thickness and upslope extent of the gas hydrate stability zone were calculated using local constraints on bottom water temperatures (BWT) in the vicinity of the MCS profiles and assumed sediment thermal gradients. BWT along the slope were extracted from a composite ocean temperature structure compiled using conductivity-temperature-depth (CTD) measurements located within tens of kilometers of the seismic profiles in the World Ocean Database [Levitus et al., 1998 ]. Gas hydrate stability was determined using CSMHYD [Sloan, 1998 ] assuming Structure I methane hydrate, 3.5% by weight NaCl in seawater, hydrostatic pressure in the shallow sediments, and a 35 mK m À1 thermal gradient, which was based on borehole measurements at Site 1073 [Austin et al., 1998 ]. Base of gas hydrate stability (BGHS) thicknesses along the two MCS transects were calculated by simultaneous solution of the equations for sediment thermal regimes and for the gas hydrate stability curve (see supporting information).
Results
[10] We identify more than 5000 pockmarks along the USAM in depths of 110 to 700 mbsl (Figures 1 and 2 ). In contrast to the elongated megapockmarks observed offshore Virginia [Hill et al., 2004] , the newly discovered pockmarks are mostly semicircular with diameters of 50-500 m (majority 100-200 m; Figure 2 ) and 5-15 m of relief. Where pockmarks can be resolved, their spatial density ranges from 1 to 15 per km 2 , with several generations of superposed pockmarks evident in some areas (e.g., Figure 2b ). The across-margin distribution of pockmarks appears to be partially dependent on the morphology of the shelf edge. Pockmarks are confined to areas where the steepness of the seabed is less than 3°-4°, while mass wasting morphologies (e.g., slide scarps, gullies, and canyons) characterize steeper slopes (Figure 2 ). For example, the majority of pockmarks along the abrupt/angular shelf edge in much of the Mid-Atlantic appear to be confined to a 2-4 km wide band, whereas the broad, gentle, and comparatively uncanyonized shelf slope transition along the Hudson Apron and southern New England margins contains pockmarks across a 5-15 km wide swath of the seafloor. As the local seabed gradient approaches 3°, pockmarks become elongated and open downslope (Figure 2 ). Although the slope along Proflile-04 contains little-to-no evidence for mass wasting or canyonization processes, we do not observe pockmarks beyond~700 mbsl.
[11] Using the geometry of shelf edge strata and results from previous studies [McHugh et al., 2010; Mountain et al., 2007] , each of the four Pleistocene sequence boundaries identified at Site 1073 ( Figure 3a) were extended to profiles located to the north of Hudson Canyon (e.g., Profile-04; Figures 3b and supporting information Figure S1 ). Beneath the shelf edge, each sequence boundary is associated with erosional truncation and/or toplap. Submarine landslides have removed some of the Pleistocene section along the middle slope of Profile-61 and beyond the seaward limit of Profile-61; lower slope strata show evidence for downlap and complete truncation/bypass where relatively steep (>6°) local slopes are controlled by outcropping Eocene rock [McHugh et al., 1993] . In contrast, the Pleistocene section of Profile-04 shows little to no evidence for slope failure or canyonization, and each successive depositional horizon appears to have mantled the preexisting surface, producing conformable strata from the upper slope to the rise.
[12] Within the Pleistocene section beneath the shelf edge/ uppermost slope, we observe the following (Figure 3) : (1) highly irregular and discontinuous reflectors that grade Figure 2. Enlarged shaded relief maps illustrating characteristic pockmark morphology and spatial distribution from select regions (see Figure 1) . Pockmarks blanket the shelf edge and upper slope down to water depths of~700 m, where they either disappear or merge with features associated with mass wasting, such as landslide scarps (red lines) and canyon head gullies (blue lines).
into concordant and acoustically laminated layers farther downslope (>400 mbsl); (2) discontinuous bright spots of reverse polarity located beneath pockmarks along the uppermost slope; (3) high probability for fluid chimneys beneath pockmarks (Figure 3b inset), but scant evidence for chimneys, within Pleistocene strata of the middle and lower slopes; and (4) gradual, upslope termination of enhanced (positive polarity) reflectors that completely disappear at 400-600 mbsl. We also observe high probability for chimneys within Eocene and Cretaceous strata that are buried along the lower slope (Figure 3 ).
[13] The high-energy/high-frequency reflectors are largely concentrated within strata immediately up-and down-section of the middle and lower slope equivalents of Pleistocene sequence boundaries (Figure 3 ). Down section, the enhanced reflectors extend a shorter distance upslope, particularly in Profile-04. The upslope terminations of some of the high-energy reflectors roughly coincide with the calculated BGHS in the upper slope sediments. The calculated updip extent of the gas hydrate stability zone (GHSZ; 530 m on Profile-61 and 580 m on Profile-04) using local BWT constraints also coincides with the seaward transition to lower pockmark density on the upper slope.
Discussion
[14] Previous studies noted peculiar stratigraphy along the contemporary and now buried paleo-shelf edges of the Hudson Apron, with each Pleistocene sequence having chaotic internal reflectors that grade into stratified, draping units farther downslope [Mountain et al., 2007] . The spatial coincidence between chaotic and discontinuous strata, high chimney probability, inverse polarity bright spots, and seabed pockmarks suggests that overpressures within Pleistocene sediments are preferentially accommodated by vertical fluid and gas expulsion. Although detailed age constraints are lacking, pockmarks appear to post date an offlap surface linked to the LGM ("p(0)" in McHugh et al. [15] Along the Hudson Apron, Dugan and Flemings [2002] modeled substrate pore fluid overpressures that resulted from rapid sediment loading along the shelf edge and upper slope during the Late Pleistocene. Fluid flow simulations were based on two substrate architectures: The aquifer model included a permeable Miocene aquifer beneath a low-permeability Pleistocene wedge, while the nonaquifer model did not ascribe higher permeability to the Miocene strata. Our analysis reveals the following: (a) pockmarks, chimneys, disrupted strata, and Figure 1) . The chimney probability meta-attribute (green-yellow grades from 50% to 100% probability for fluid pathways), average energy attribute (navy blue = high-energy horizons), and instantaneous frequency (orange-red grades from 160 to 200 Hz) are superposed on standard amplitude traces. Enhanced reflectors (high energy, high frequency) are concentrated above the base of the gas hydrate stability zone (BGHS) and are inferred to represent hydrate-bearing sediments. Hydrate-bearing strata out of equilibrium with present bottom water conditions are bounded by labels "1," the maximum upslope extent of hydrate-bearing sediment, and "2," the top of the gas hydrate stability zone. Inset a: Three-dimensional perspective of pockmarks (red dots), landslide scarps (black lines), and Pleistocene strata (colored lines) [Austin et al., 1998; Mountain et al., 2007] . Inset b: Enlarged section showing chimney probability superposed on standard amplitude traces to highlight evidence for substrate fluidization beneath pockmarks (red arrows).
headwall landslide scarps (Figure 3a inset ) along the shelf edge and upper slope where the aquifer model predicts very low Darcy velocities but also where the nonaquifer model predicts maximum overpressures and (b) acoustically laminated and concordant Pleistocene strata where the aquifer model predicts subhorizontal, seaward flow across Pleistocene stratigraphic boundaries. Furthermore, we observe faults, fractures, and chimneys that pass through or occasionally originate in the inferred Miocene aquifer, suggesting that seaward fluid migration (i.e., aquifer model) in this layer is unlikely. Based on our analysis, the spatial distribution of fluid expulsion features along the margin is most consistent with rapid sediment loading, generation of overpressures, and mostly vertical migration of fluids and gas along the shelf edge and uppermost slope, in accordance with the nonaquifer model of Dugan and Flemings [2002] . Despite the general agreement between our observations and the nonaquifer model, a quandary remains in explaining recent and/or ongoing fluid expulsion near some of the upper slope pockmarks [Skarke et al., 2013] : The model predicts minimal contemporary fluid expulsion unless recent sources of fluid/gas overpressure can be identified [Dugan and Flemings, 2002; Hustoft et al., 2009] . In situ generation of gas from microbial processes and dissociation of gas hydrates are both possible sources of recent and/or ongoing gas accumulation in the substrate, leading to expulsion from upper slope sediments of the USAM [Hill et al., 2004] . The disappearance of pockmarks downslope is explained by the absence of free gas once the GHSZ is encountered.
[16] Several lines of evidence imply that previously undetected gas hydrates may occur on the upper continental slope on the Hudson Apron/southern New England portion of the USAM. While no reverse polarity bottom-simulating reflector (BSR) is detected at the BGHS along the focus transects, hydrate-bearing sediments (HBS) are known to occur without an underlying BSR in many locations [e.g., Paull et al., 1996] . Even in the absence of a BSR, the pattern of enhanced reflectors (Figure 3 ) terminating upslope roughly matches the morphology of the predicted BGHS. Gas hydrate saturations must reach~40% of pore space to have an appreciable effect on P wave velocities [e.g., Yun et al., 2005] , but our short-aperture (450-m-long streamer) MCS data yield weak constraints on velocity, and the uppermost 90 m of ODP Site 1073 were not logged [Austin et al., 1998 ]. Even relatively low gas hydrate saturations can increase scattering [Gei and Carcione, 2003] , an effect that can be captured in the instantaneous frequency attribute. The average energy attribute can enhance small impedance contrasts caused by the changes in elastic moduli associated with the presence of low-saturation gas hydrates [e.g., Yun et al., 2005] . In our study area, the enhanced reflectors appear to occur along coarser-grained, more permeable layers that were emplaced during glacial-interglacial transitions [McHugh and Olson, 2002] . The high-amplitude/high-frequency character of these coarse-grained reflectors becomes more prominent with distance from the shelf edge (Figure 3 ), contrary to slope depositional models that predict seaward fining of slope deposits (i.e., lower acoustic impedance) [Pirmez et al., 1998 ]. This implies that some characteristic other than lithology, such as the preferential occurrence of gas hydrate in the coarsergrained, more permeable layers [e.g., Clennell et al., 1999] , is controlling the reflectivity of these strata. In fact, one of the enhanced reflectors located 70-80 mbsf on Profile-61 was penetrated at ODP Site 1073 [Austin et al., 1998 ]. No gas hydrate was recovered during conventional coring, but this is not surprising if gas hydrate saturations were low. The measured methane concentrations were elevated in this interval, and pore waters were slightly fresher, which would be expected if gas hydrate had been present in situ and had dissociated during core recovery [e.g., Hesse and Harrison, 1981] . Site 1073 also has a 6 m thick sulfate reduction zone [Austin et al., 1998 ], consistent with moderate flux of dissolved methane. Within the GHSZ, the attribute analysis reveals no vertical chimneys, which could be consistent with available methane being frozen into gas hydrates. Based on these cumulative observations, we postulate that the highamplitude/high-frequency enhanced reflectors mapped in Figure 3 may correspond to HBS.
[17] Although the exact origin of gas expulsion remains unknown, the presence of HBS along the upper slope of the USAM may provide a source for recent and/or ongoing gas expulsion due to changes in BWT. The enhanced reflectors and the contemporary upslope extent of the GHSZ overlap with the seaward limit of pockmarks (Figure 3 ). Enhanced reflectors mapped upslope of the present-day GHSZ may represent HBS that were stranded when intermediate waters impinging on the continental slope were warmed, shifting the GHSZ downslope. Gas hydrate stranded above the BGHS must be out of thermal equilibrium with present-day BWT. If some of the stranded reflectors were at the BGHS prior to warming of impinging ocean waters, gas hydrate stability constraints require the BWT to be 0.6 to 3.8°C cooler than present-day BWT for a conductive thermal gradient of 35°C km À1 . One-dimensional thermal modeling shows that warming likely occurred over at most a few decades within the past 20 to 100 years for gas hydrate to persist within these reflectors today. These calculations assume only warming, not the oscillation between cool and warm periods that is more likely over decadal timeframes. The range of warming necessary to explain the possibly stranded upslope HBS in the model brackets the~1.4°C of warming observed at 500 mbsl the most proximal upper slope CTDs, which were collected in 2002 and 2011. The gradual disappearance of enhanced reflectors between the contemporary updip limit of the GHSZ and water depths as shallow as 475 m (Figure 3 ) may indicate active disintegration of stranded gas hydrate within the~475-600 m depth range that marks the seaward limit of pockmarks (Figure 3) . Chimneys disrupt the lateral continuity of depositional boundaries beneath the upper slope and provide vertical permeability pathways. Strata within the GHSZ show minimal evidence for chimneys, suggesting that the presence of HBS enhances the integrity of the Pleistocene strata, perhaps inducing updip migration of water and gas toward the upslope limit of the GHSZ. The ability for fluids and gas to migrate updip is expected to diminish at the shelf edge, where strata become horizontal and sediments are generally less cohesive and coarser grained, thus promoting vertical migration and expulsion. Pockmarks located above the shelf edge may have resulted from events that caused transient increases in pore fluid overpressure, such as rapid sedimentation during relative sea level lowstands and peak ground accelerations from earthquakes.
Conclusions
[18] The combined effects of compaction-induced pore fluid overpressure and gas hydrate dissociation offer a plausible explanation for the distribution of pockmarks along the Hudson Apron/southern New England section of the USAM. This interpretation can likely be extrapolated to the pockmarks documented in Figures 1 and 2 and perhaps even to pockmarks on the Canadian Atlantic margin, where evidence for shelf edge fluid expulsion is also widely observed [Pickrill et al., 2001] . Pockmark formation and fluid expulsion at depths between~475 and 650 mbsl may reflect the combined effects of pore fluid overpressure induced by differential sediment loading [Dugan and Flemings, 2002] and gas hydrate dissociation due to transient changes in intermediate water temperatures, although the timing of these processes may be offset by thousands of years. Depending on the geometry of shelf edge strata, it is possible for free gas to migrate farther updip along depositional boundaries and vent at depths significantly shallower than the top of the GHSZ [Hill et al., 2004; Weibull et al., 2010] . Lastly, mapping upper slope gas hydrates has long been a challenge. Advanced attribute analyses applied to high-resolution MCS data may provide better constraints on the fluid plumbing of continental margins and also the distribution of climate-sensitive upper slope gas hydrates on a global basis.
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